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Microbes inhabiting the gut affect our health in profound and unexpectedways:
new studies now show that these effects depend on synergistic and
competitive interactions between the bacteria, which are influenced by diet.B.P. Willing1 and B.B. Finlay1,2,3
Our gastrointestinal tracts teem with
an immensely abundant and diverse
microbial population. That we have
a symbiotic relationship with this
population is evident as resident
bacteria increase our digestive
capabilities, create nutrients that would
otherwise not be present and exclude
harmful pathogens. There is, however,
a growing appreciation for how
intertwined our physiology is with that
of our inhabitants [1]. Gut bacteria
have recently been found to impact
many aspects of human health,
including immune development,
inflammatory bowel diseases, obesity,
diabetes, allergic diseases, enteric
diseases and cancer [2–5]. Now that
studies have revealed a diverse set
of microbial products that can be
detected systemically within the host,
these effects are not so surprising [6].
Each individual’s digestive tract is
home to a conservative estimate of
500–1000 bacterial species, most of
which cannot currently be cultured,
and whose genomes collectively
represent approximately 100 times
the number of genes present in the
human genome [7]. There is large
inter-individual variation in community
composition at the species level;
however, the microbial composition
of all healthy individuals is dominated
by two main phyla, Bacteroidetes
and Firmicutes [8].
Some diseases, such as Crohn’s,
are linked to the disappearance or
appearance of specific members of
these phyla [2], while others, such as
obesity, are linked to a more general
shift in the ratio of Bacteroidetes to
Firmicutes [3]. However, the causes
of these population shifts are notapparent, nor are the mechanisms by
which these shifts result in disease or
susceptibility. It has therefore become
apparent that understanding the
mechanisms that govern the bacterial
population and how they exert their
effects on each other and on the host
will be essential to facilitate the
development of strategies to
manipulate the microbiota to promote
health.
Metagenomic and metaproteomic
approaches have made it possible to
broadly explore the biological
processes driving this complex
community. For example, a surprising
proportion of proteins found in the
faeces were identified as ones involved
in innate immune defense, indicating
an extensive effort of the host to
regulate the microbial population [9].
But these methods are highly
dependent on computational analysis
of DNA or protein sequences, and
because of the diversity of the
microbiota, interactions between these
systems are not easily pieced together.
A recent study by Mahowald et al.
[10] begins to unravel the complexity
of the relationships that govern
the community ecology of the
gastrointestinal tract by creating and
characterizing a highly simplified
model gut microbiota. Bacteroides
thetaiotaomicron and Eubacterium
rectale, chosen as representative
organisms of the two main phyla,
Bacteroidetes and Firmicutes,
respectively, were introduced into
‘gnotobiotic’ mice, which initially lack
any gut bacteria. The mice were either
colonized with each bacterium alone
(mono-association) or co-colonized
by both species, and then
transcriptional profiling of bacteria
and host was performed.CURBIO 7242_7260Using this model system, Mahowald
et al. [10] demonstrate a number of
interactions that have previously been
hypothesized but have not been shown
in vivo (Figure 1). Firstly, they show
that these two bacteria change their
behaviour as a result of competition
for nutrients. B. thetaiotaomicron
responds to co-colonization by
increasing its repertoire of
glycan-degrading enzymes and
signaling the host to produce
glycans that it, but not E. rectale, can
utilize. Comparison of the genomes
of B. thetaiotaomicron and other
sequenced Bacteroidetes to those of
E. rectale and other sequenced
Firmicutes revealed that Bacteroidetes
contain a relative surplus of glycan
degrading enzymes. This may suggest
that foraging on host glycans as a result
of competition with Firmicutes may be
a common adaptation used to remain
competitive. Conversely, E. rectale
appears to more effectively access
nutrients in the presence of
B. thetaiotaomicron, as evidenced
by increased expression of a number
of amino acid and peptide transporters.
The results of this study also indicate
there are synergistic interactions
between these two bacteria. It
appears that acetylCoA produced
by B. thetaiotaomicron is utilized by
E. rectale and is subsequently
converted to butyrate. Crossfeeding
between gut bacteria has been
observed before in vitro [11], but this
is the first time that synergistic
actions between bacteria have been
shown to occur in vivo and to impact
on host physiology, as many
expression changes observed in
co-colonized mice have been
reported to be affected by increased
butyrate production [12]. Previous
studies of how the host responds to
single bacterial species have shown
that each species can affect the
expression of hundreds of host genes
[13], and that different commensal
organisms have dramatically different
effects [14]. Important to the
interpretation of host–microbe
interactions, the Mahowald et al.
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Figure 1. Microbe–microbe and microbe–host interactions in the gut.
Summary of microbe–microbe and microbe–host interactions between Bacteroides thetaiotao-
micron (B. theta) and Eubacterium rectale (E. rectale) in the gnotobiotic mouse model with: (A)
B. theta in mono-association; (B)E. rectale in mono-association; and (C)B. theta andE. rectale in
di-association. B. theta responds to E. rectale by signaling the host to produce fucosylated
glycans that it, but not E. rectale, can degrade. Production of acetate by B. theta is utilized by
E. rectale to produce increased levels of butyrate, resulting in amplified host responses.study [10] indicates that the way that
bacteria affect the host is dependent
on interactions with other bacteria. It
cannot therefore be assumed that the
host is affected in a given way based
on the presence of a single organism
and that multiple interactions must
be taken into account.
As well as examining how
microbe–microbe interactions
affected host physiology, Mahowald
et al. [10] looked at how changes in
diet affect interactions between the
bacteria. By comparing the effects
of a diet low in fat and high in plant
polysaccharides (a healthy diet) to
those of one high in fat and with low
plant polysaccharides (a typical
unhealthy/Western diet) in mice
colonized with both E. rectale and
B. thetaiotaomicron, they found thatB. thetaiotaomicron colonization was
unaffected by diet, whereas E. rectale
colonization was reduced significantly
by the removal of plant
polysaccharides. Reduced E. rectale
number was also associated with
reduced butyrate production,
indicating the functional significance of
changes in the diet on intestinal health,
as butyrate is the preferred energy
source for the colonic epithelium [15].
This study demonstrates that
bacterial signaling to the host is
modified as a result of changes in
the intestinal environment created
by neighbouring bacteria and/or diet.
The fact that changes in the
composition of the microbiota result
in increased susceptibility to
Salmonella enterica infection may
suggest a similar interaction [16].CURBIO 7242_7260Some recent evidence suggests
that changes in the luminal
environment resulting from bacterial
fermentation do indeed impact
virulence regulation [17].
Complicating the system even more,
the host also plays an important role
in the competition between bacteria.
B. thetaiotaomicron (Gram-negative)
stimulates host expression of genes
responsible for antimicrobial activity
targeting Gram-positive bacteria,
while Bifidobacterium longum
(Gram-positive) suppresses the
expression of these same genes [18].
Another interaction through the host
immune system is indicated by
a mechanism where the normal flora
protects the host from Enterococcus
infection by inducing host expression
of a c-type lectin that kills
Gram-positive bacteria [19]. These
interactions are indirect and require
a functional immune system. Because
how the host responds to microbes
largely depends on host immunity,
and it is apparent that the immune
function of the gnotobiotic animal is
drastically different from that of
a conventional animal, indirect
interactions between bacteria that are
dependent on a functional immune
system may be missed in the simplified
model system reported by Mahowald
et al. [10].
It is yet unclear whether these two
organisms have evolved to act in
concert, or are simply responding to
the environment created by the other
organism. Whether the interactions
observed here between E. rectale and
B. thetaiotaomicron are representative
of a common interaction between
Bacteroidetes and Firmicutes require
further validation. The extent to which
expression patterns are changed in
both bacteria and host identify how
complicated the entire community
must be, with over 100,000 possible
direct microbe–microbe interactions
(assuming a modest estimate of 500
bacterial species).
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DOI: 10.1016/j.cub.2009.04.025CLE40 and WOX5 was unclear. Now,
Stahl et al. [5], in this issue of
Current Biology, show that WOX5
positively regulates the production
of CLE40 protein. CLE40, in turn,
negatively regulates WOX5
transcription. This means that CLE40
and WOX5 form a self-regulating
network in the root that, much like the
CLV3–WUS network in the shoot,
controls the proliferation and
differentiation of stem cells.
Stahl and co-workers [5] show that
loss of WOX5 activity results in
a phenotype that is similar to that of
plants with excess levels of CLE40 —
more stem cells differentiate as root
cap and, consequently, there are fewer
stem cells than in wild-type plants. In
contrast, the increase in the number
of stem cells and a reduction in the
number of differentiated root cap
cells in plants that overexpress
WOX5 is similar to the phenotype of
plants that are homozygous for cle40
loss-of-function alleles. These
phenotypes indicate that CLE40 and
WOX5 play opposite roles in the
differentiation of stem cells in the
distal root meristem.
The opposite roles played by CLE40
and WOX5 suggest that they might
regulate each other, as previously
demonstrated for the paralogous
proteins in the shoot meristem. Indeed,
